Female moths of Lyclene dharma dharma (Arctiidae, Lithosiinae) produce a novel sex pheromone composed of three methyl-branched ketones (I-III) in a ratio of 2:1:1. In order to confirm the structure of III (6,14-dimethyl-2-octadecanone), a mixture of its four stereoisomers was synthesized via chain elongation by two Wittig reactions, starting from 1,7-hexanediol. GC-MS data of the synthetic III were satisfactorily coincident with those of the natural component. In addition to the racemic mixtures of I (6-methyl-2-octadecanone) and II (14-methyl-2-octadecanone), previously synthesized, the activity of III was evaluated in the Iriomote Islands, and effective male attraction was observed for the 2:1:1 mixture of I-III. This result indicates that the females do not produce only one stereoisomer for each component or that the response of the males is not disturbed by the other stereoisomers of natural isomers produced by the females. The field test also revealed that the twocomponent lure of I and II captured as many males as the mixture of I-III, while lures baited with two components in other combinations and with only one component scarcely exhibited any male attraction ability.
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Lepidopteran sex pheromones, which have been studied with adult females of about 600 species, are mainly composed of unsaturated C 10 -C 18 fatty alcohols and their derivatives (Type I) and C 17 -C 23 unbranched polyenyl hydrocarbons and their epoxides (Type II). 1) In addition to the compounds in these groups, a considerable number of miscellaneous chemicals, such as methyl-branched alkanes and epoxides, 2, 3) have been identified from moths in the families of Lymantriidae and Arctiidae, which include many highly evolved insects and belong to the same superfamily, Noctuoidea. We have recently found novel pheromone components from females of the Lithosiinae moth, Lyclene dharma dharma. Lithosiinae is one of the subfamilies in Arctiidae. 4) Larvae of the Lithosiinae species, which mainly feed on lichen in a forest, are not pest insects but, rather, important organisms contributing to the ecosystem of the forest. While many pheromones have been identified from species in the two other subfamilies, Arctiinae and Synthominae, there has been no information about the pheromone of the Lithosiinae species. The analysis of a pheromone gland extract by gas chromatography (GC), using an instrument equipped with an electroantennographic detector, showed that the L. d. dharma females produced three active components (I-III). GC-mass spectrometric (GC-MS) analyses of the extracts before and after Wollf-Kishner reduction enabled their structures to be estimated as follows: 6-methyl-2-octadecanone (I), 14-methyl-2-octadecanone (II), and 6,14-dimethyl-2-octadecanone (III). Racemic mixtures of the former two monomethyl ketones (I and II) were separately synthesized, and their GC-MS data were coincident with those of the natural components. 4) However, the structure of the dimethyl ketone was not confirmed. After that, we successfully synthesized III as a mixture of four stereoisomers and assessed the planar structure of the third component. Furthermore, their abilities for male attraction were evaluated in the field. This report presents the synthesis of III and results of the field evaluation.
Materials and Methods

Instuments.
1 H-and 13 C-NMR spectra were recorded by a Delta 2 Fourier transform spectrometer (Jeol, Tokyo, Japan) at 399.8 and 100.5 MHz, respectively, for CDCl 3 solutions containing TMS as an internal standard.
1 H-1 H COSY, HMQC, and HMBC spectra were also measured with the same spectrometer, using the usual pulse sequences and parameters. GC-MS was conducted in the EI mode (70 eV) with an HP5973 mass spectrometer (Hewlett-Packard) equipped with a split/ MOM ether of 8-methyl-7-docecen-1-ol (2) . The MOM ether of 7-bromoheptan-1-ol (1) was prepared from 1,7-heptanediol by the same procedure as that used for the synthesis of another insect pheromone, 7,11,13-hexadecatrienal.
5) A mixture of 1 (4.8 g, 20 mmol) and triphenylphosphine (Ph 3 P; 5.8 g, 22 mmol) was stirred in a threenecked flask and heated at 110 C overnight under Ar gas to give a phosphonium salt of 1. The reaction mixture was cooled to room temperature, and dry THF (30 ml) was poured into the flask. After further cooling to À35 C, NaN(SiMe 3 ) 2 (a 1.0 M solution in THF, 22 ml) was then added dropwise to the stirred solution under Ar gas to make an ylide. The solution was stirred for 30 min, and 2-hexanone (2.4 g, 24 mmol) was then added to the mixture to be coupled with the ylide. After stirring for 1 h more at À35 C and then for 1 h more at room temperature, the reaction mixture was poured into water and extracted with hexane. The hexane extract was successively washed with 1.0 M HCl and a saturated aqueous solution of NaHCO 3 , and chromatographed in a silica gel column (150 g) to give an olefinic compound (2), a mixture of (E)-and (Z)-isomers in a ratio at about 1:1 (2.7 g, 11 mmol), in a 56% yield from 1. 12-Bromo-5-methyldodecane (3) . A mixture of the olefine (2; 2.4 g, 10 mmol), Pd-C (10%, 200 mg), and hexane (50 ml) was stirred under hydrogen gas at room temperature for 2 h. The catalyst was removed by filtration, and the solvent was evaporated to yield the MOM ether of 8-methyl-7-docecan-1-ol, which showed one peak (t R 12.6 min) with ½M À 1 þ at m=z 243 (0.5%) and a base peak at m=z 57 by a GC-MS analysis. The MOM ether was dissolved in methanol (50 ml) and treated with HCl (a 4.0 M solution in dioxane, 10 ml) at room temperature overnight. The reaction mixture was poured into water (200 ml) and extracted with hexane. The extract was washed with a saturated aqueous solution of NaHCO 3 and chromatographed in a silica gel column (100 g), and 8-methyl-7-docecan-1-ol (1.7 g, 8.5 mmol) was obtained in an 85% yield from 2. C for 1 h under reflux while stirring. After cooling, the reaction mixture was poured into water (60 ml) and extracted with hexane. The extract was cleaned by the usual workup. After evaporating the solvents, the crude products were chromatographed (silica gel, 100 g) to give a bromide (3; 1.7 g, 6.5 mmol) in a 76% yield. 5,13-Dimethyl-1,5-heptadecadiene (4). The bromide (3; 1.7 g, 6.5 mmol) was treated with Ph 3 P (1.7 g, 6.5 mmol) to make its phosphonium salt, which was converted to an ylide by NaN(SiMe 3 ) 2 (a 1.0 M solution in THF, 6.5 ml) and coupled with 5-hexen-2-one (0.64 g, 6.5 mmol) to yield a dienyl compound (4) in the same manner as that for the synthesis of the monoenyl compound (2). Silica gel column chromatography (80 g) of the crude products yielded 4, a mixture of (E)-and (Z)-isomers in a ratio at about 1:1 (1.3 g, 4.9 mmol), in a 75% yield. þ ), 249 (2%), 95 (100%).
5,13-Dimethyl-5-heptadecen-1-ol (5).
The diene (4; 1.3 g, 4.9 mmol) dissolved in THF (30 ml) was mixed with 9-borabicyclo[3.3.1]-nonane (9-BBN; a 0.5 M solution in THF, 9.8 ml) at room temperature under Ar gas while stirring. After 1 h of stirring, a 10% H 2 O 2 solution (40 ml) including NaOH (0.80 g) was added dropwise to the stirred solution. The mixture was stirred at room temperature for further 1 h, and poured into a saturated aqueous solution of NH 4 Cl. The crude products were extracted with hexane. After the usual workup, chromatographic purification (silica gel, 50 g) gave a monoenyl alcohol (5), a mixture of (E)-and (Z)-isomers in a ratio at about 1:1 (1.2 g, 4.3 mmol), in an 88% yield. 
0 mmol), Pd-C (10%, 60 mg), and methanol (20 ml) was stirred under hydrogen gas at room temperature for 2 h. The catalyst was removed by filtration, and the solvent was evaporated to yield 5,13-dimethylheptadecan-1-ol which showed one peak (t R 20.3 min) with ½M À 18 þ at m=z 264 (0.5%) and a base peak at m=z 83 by a GC-MS analysis. This alcohol was added to an oxidation reagent, which had previously been prepared from dimethyl sulfoxide (0.19 g, 2.4 mmol) and oxalyl chloride (0.30 g, 2.4 mmol) in CH 2 Cl 2 (20 ml), at À78 C under Ar gas while stirring. After 1 h of stirring at À78 C, triethylamine (1.0 g, 10 mmol) was added to the mixture. Stirring at À78
C was continued for 1 h, and then the mixture was warmed to room temperature and poured into 0.5 M HCl (100 ml). The crude products were extracted with hexane. After the usual workup, chromatographic purification (silica gel, 50 g) gave an aldehyde (6; 0.44 g, 1.5 mmol) in a 75% yield from 5.
1 H-NMR : 0.84 (3H, 6,14-Dimethyl-2-octadecanol (7). The aldehyde (6; 0.44 g, 1.5 mmol) dissolved in THF (15 ml) was mixed with methyllithium (a 1.0 M solution in THF/cumene, 3.0 ml) at À35 C under Ar gas while stirring. Stirring at À35
C was continued for 1 h, and then the mixture was warmed to room temperature and poured into a saturated aqueous solution of NH 4 Cl (50 ml). The crude products were extracted with hexane. After the usual workup, chromatographic purification (silica gel, 50 g) gave a secondary alcohol (7; 0.37 g, 1.2 mmol), in an 80% yield. IR max cm À1 : 3365, 2925, 2854, 1462, 1377, 1120. GC-MS m=z: t R 19.6 min, 280 (2%, ½M À 18 þ ), 97 (82%), 57 (100%).
6,14-Dimethyl-2-octadecanone (III).
The alcohol (7; 0.37 g, 1.2 mmol) dissolved in acetone (20 ml) was added to a stirred mixture of CrO 3 (0.16 g), 8% H 2 SO 4 (20 ml), and acetone (200 ml) at 0 C. The solution was stirred for 4 h at room temperature. After mixing with water (100 ml), acetone was evaporated, and the oxidation products were extracted with hexane. After the usual workup, chromatographic purification (silica gel, 30 g) of the extract gave the objective 2-ketone (III; 0.26 g, 0.88 mmol), in a 73% yield. IR max cm À1 : 2924, 2854, 1718, 1460, 1377, 1165. GC-MS m=z: t R 19.9 min, 296 (2%, [M] þ ), 278 (35%), 58 (100%).
Field trapping of male moths. The attraction of L. d. dharma males by synthetic lures was examined in a mixed forest area on the Iriomote Islands from October to December 2008. Rubber septa (white rubber, OD 8 mm; Sigma-Aldrich, St. Louis, MO, USA) were used as dispensers, and synthetic pheromone components dissolved in hexane (100 ml) were applied to them. Each lure was placed at the center of a sticky board trap (30 Â 27 cm bottom plate with a roof; Takeda Chem. Co., Tokyo, Japan), which was set separately from the others by at least 10 m at about 1.5 m above the ground. Three traps were used for each synthetic lure, and three other traps, including the septa treated only with hexane (100 ml), were tested as a control. The number of captured males was counted every 5 d.
Results
Synthesis of 6,14-dimethyl-2-octadecanone While 6,14-dimethyl-2-octadecanone (III), a credible candidate for the third component produced by the L. d. dharma females, has two chiral centers, a mixture of the four stereoisomers was prepared by the synthetic route shown in Fig. 1 in order to confirm its planar structure. Starting from a C 7 compound, the branched C 18 -chain skeleton was constructed by successive chainelongation reactions, twice by Wittig coupling with a C 6 ketone and once by coupling with a C 1 reagent. 1,7-Heptanediol was converted into a bromide (1) by half-bromination and subsequent MOM protection, and the ylide, which was prepared from 1 by treatments with Ph 3 P and NaN(SiMe 3 ) 2 , was coupled with 2-hexanone to yield a monoenyl compound (2) . NMR and GC-MS data indicated that 2 was a mixture of two geometric isomers in a ratio at about 1:1. By catalytic hydrogenation, deprotection, and bromination, a methylbranched C 12 -chain bromide (3) was synthesized from 2 and then converted into a dienyl compound (4) by coupling with 5-hexanen-2-one. NMR and GC-MS data indicated that 4 was also a 1:1 mixture of two geometric isomers. Selective hydroboration of the terminal double bond in 4 produced a mono-unsaturated primary alcohol (5), 6) which was transformed to a dimethyl-branched C 17 -chain aldehyde (6) after catalytic hydrogenation and Swern oxidation. This aldehyde was coupled with methyllithium to produce a branched C 18 -chain alcohol (7), which was transformed into the objective 2-ketone (III) by Jones oxidation.
Characterization of the synthetic branched compounds
The GC-MS data for synthetic III were satisfactorily coincident with those of the third natural component, indicating the accuracy of our previous structural determination. 4) Not only III but also other synthetic intermediates with two or three chiral centers (6 and 7) showed only one peak on the GC-MS analysis. The diastereomers of each compound were not separable in a DB-23 capillary column. On the other hand, the 13 C-NMR analysis of the hydroxyl derivative (7) with an additional chiral center at the 2-position exhibited double signals around the center. However, III and 6 with two methyl branches exhibited 20 and 19 carbon signals, respectively, indicating that the NMR spectra of their two diastereomers were identical. Table 1 shows the 1 H-and 13 C-NMR data for III and 7, in addition to the other pheromone compounds, I and II, previously synthesized. The signal assignments were accomplished by 2-dimensional NMR experiments and also by comparing the spectra of the synthetic intermediates. While many 1 H signals of I-III overlapped, reflecting their long chain structures, their 13 C spectra showed many signals without overlapping.
13 C signals around the common carbonyl group at the 2-position and methyl-branch at the 6-and/or 14-position are characteristic. The 13 C spectrum of III has a pattern that combines those of I and II, indicating the usefulness of 13 C-NMR for the analysis of synthetic compounds with a long chain.
Field evaluation of the synthetic pheromone
The attraction activities of the synthetic pheromone components (I-III) were evaluated on the Iriomote Islands, where the moths of L. d. dharma had been caught. I and II were racemic mixtures, and III was a mixture of four stereoisomers. We first examined their necessity for field attraction. Table 2 shows the means of the males captured in one night with one trap, which had been baited by a lure with the three components, two of them, or only one component. The mixture of I-III in a 2:1:1 ratio detected in the pheromone extract effectively attracted the males. In less than one month, one trap with the lure caught a total of more than 100 males. Interestingly, a 2:1 mixture of I and II provided as strong attraction as the three-component lure. The lures baited with two components in other combinations and with only one component scarcely exhibited male attraction ability. Next, the optimum mixing ratio of I and II was examined. The 2:1 and 1:1 mixtures exhibited similar activity, while the 1:2 mixture showed less activity than those mixtures, as shown in Table 3 . The 8:1 and 1:8 mixtures attracted no males.
Discussion
The GC-MS analysis and field evaluation of the synthetic methyl-branched ketones confirmed their novel chemical structures which had been estimated for the pheromone components produced by Lyclene dharma dharma females. Such methyl-branched alkanes as 2-methylheptadecane of Holomelina spp. in Arctiidae, 7) and such unbranched ketones as (Z)-6-henicosen-11-one of Orgyia spp. in Lymantriidae [8] [9] [10] are known as lepidopteran sex pheromones. No methyl-branched ketones, however, have ever been found from female moths. L. d. dharma is the first Lithosiinae species whose sex pheromone has been revealed. Many Lithosiinae species are commonly found throughout the world, but their attraction by Types I and II pheromones has not been reported, suggesting that the females secrete another group of compound. Indeed, three new compounds, 6-methyl-2-octadecanone (I), 14-methyl-2-octadecanone (II), and 6,14-dimethyl-2-octadecanone (III), were characterized from the pheromone extract of this Lithosiinae species.
The field test also revealed that the two-component lures of I and II captured as many males as the mixture of I-III, while the mixture of I and III scarcely attracted any males. The role of III is not clear, but the females produce III in the same amount as II. This component is expected to have some effects, such as a repellent effect, on males of other taxonomically related species. About 80 Lithosiinae species are distributed in Japan. Among them, three species belong to the genus Lyclene. In addition to revealing the role of III, it would be interesting to learn whether or not the branched ketone is a characteristic structure of the pheromones in this insect group and whether other species produce analogous compounds with methyl and/or carbonyl groups at different positions.
The L. d. dharma males were attracted by optically inactive compounds synthesized by the usual nonstereoselective reactions. This result indicates that the females do not produce only one stereoisomer in each component or that the response of the males is not disturbed by other stereoisomers of natural isomers produced by the females. Chirality is significant in pheromone science. 11) The stereochemistry of the pheromone should be understood from the viewpoint of both female production and male reception. We are examining chiral chromatography to separate the stereoisomers of I-III directly or after any chemical conversion. Furthermore, we will carry out a field evaluation of the optically active samples which were recently synthesized by K. Mori.
12)
Structurally related pheromones have been identified from insects in other groups, such as 3,11-diemthyl-2-heptacosanone and its C 29 derivative of the cockroach, Blattella germanica. 13, 14) These branched ketones are biosynthesized by oxidation of the corresponding hydrocarbons which are produced in oenocytes together with cuticle hydrocarbons. 15) An enzyme regiospecifically oxidizes the 2-position, probably recognizing the methyl group at the 3-position. If I-III are produced in the same manner, the enzyme of the L. d. dharma females is expected to have the same regiospecificity, but a different system in order to select only one terminal in a long chain. Since I-III are 2-ketones with methyl group(s) at the 6-and/or 14-positions, it is speculated that oxidation of their hydrocarbon intermediates might be conducted by a common enzyme. In this case, the enzyme would attack the 2-position, recognizing the methyl group at the 6-position for the production of I and III and at the 14-position for the production of II. The latter recognition is inconceivable, because the 14-position is very far from the oxidized site at the 2-position. The structural similarity of I-III does not simplify the biosynthetic speculation, indicating another pathway for the 2-ketones. The lepidopteran sex pheromone in the new group proposes a valuable challenge to verify the biosynthesis through experiments.
